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High resolution protein crystal structures resolved with X-ray diffraction data at cryogenic temperature
are commonly used as experimental data to reﬁne forceﬁelds and evaluate protein folding simulations.
However, it has been unclear hitherto whether the CeH bond lengths in cryogenic protein structures are
signiﬁcantly different from those deﬁned in forceﬁelds to affect protein folding simulations. This article
reports the ﬁnding that the CeH bonds in high resolution cryogenic protein structures are 10e14%
shorter than those deﬁned in current AMBER forceﬁelds, according to 3709 CeH bonds in the cryogenic
protein structures with resolutions of 0.62e0.79 Å. Also, 20 all-atom, isothermaleisobaric, 0.5-ms mo-
lecular dynamics simulations showed that chignolin folded from a fully-extended backbone formation to
the native b-hairpin conformation in the simulations using AMBER forceﬁeld FF12SB at 300 K with an
aggregated native state population including standard error of 10 ± 4%. However, the aggregated native
state population with standard error reduced to 3 ± 2% in the same simulations except that CeH bonds
were shortened by 10e14%. Furthermore, the aggregated native state populations with standard errors
increased to 35 ± 3% and 26 ± 3% when using FF12MC, which is based on AMBER forceﬁeld FF99, with
and without the shortened CeH bonds, respectively. These results show that the 10e14% bond length
differences can signiﬁcantly affect protein folding simulations and suggest that re-parameterization of C
eH bonds according to the cryogenic structures could improve the ability of a forceﬁeld to fold proteins
in molecular dynamics simulations.
© 2015 The Author. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Since exposed protein side chains and surrounding water mol-
ecules are more ordered at cryogenic temperatures than at higher
temperatures, cryogenic temperatures are now routinely used to
obtain X-ray diffraction data [1]. The resulting cryogenic protein
crystal structures are commonly used as experimental data to
develop forceﬁeld parameters and evaluate protein folding simu-
lations [2e4]. Of 318 crystal structures [5] used to improve side-
chain torsion parameters of the AMBER FF99SB forceﬁeld [2], 117
have data collection temperatures described at the Protein Data
Bank. Of the 117 structures, 47 (40%) are resolved with X-ray
diffraction data collected at 90e150 K (Table 1). According to a
report in 2011 [3], four (80%) out of ﬁve crystal structures that were
used to evaluate protein folding simulations are low-temperature, Ca and Cb root mean square
Inc. This is an open access articlecrystal structures (Table 1). In a report in 2014 [4], ﬁve (71%) out
of seven crystal structures used for simulation evaluation are low-
temperature structures as well (Table 1).
CeH bonds are critical to protein dynamics simulations as they
directly affect the volume of a protein. In addition, as CeH bonds
are typically constrained in molecular dynamics (MD) simulations,
they are more prone than the bonds that are not constrained to the
exaggeration of short-range repulsion caused by the 6e12 Lennard-
Jones potential and a nonpolarizable charge model [6]. Interest-
ingly, the CeH bonds in high-resolution, cryogenic protein crystal
structures are visibly shorter than those deﬁned in current AMBER
forceﬁelds (Fig. 1). However, until now it has been unclear whether
this difference can signiﬁcantly affect the ability of a forceﬁeld to
fold proteins in MD simulations.
This article reports the comparison of 3709 CeH bonds in the
cryogenic protein structures with resolutions of 0.62e0.79 Å to
those currently deﬁned in AMBER forceﬁelds in order to quantify
the CeH bond length difference. It also reports 80 unique, inde-
pendent, all-atom, isothermaleisobaric, and 0.5-ms MD simulationsunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Diffraction data collection temperatures of X-ray protein crystal structures used for forceﬁeld development and evaluation of protein folding simulations.
Code Res (Å) Tem (K) Code Res (Å) Tem (K) Code Res (Å) Tem (K) Code Res (Å) Tem (K)
Group 1 1gai 1.70 293 1yal 1.70 293 1cgh 1.80 293
1a2p 1.50 287 1gvp 1.60 285 1yge 1.40 100 1der 2.40 100
1a62 1.55 100 1hyt 1.70 298 1yna 1.55 298 1ema 1.90 295
1a8u 1.60 90 1ido 1.70 100 2arc 1.50 100 1exf 2.10 293
1aay 1.60 295 1irn 1.20 298 2hft 1.69 100 1ft1 2.25 96
1ab1 0.89 150 1ixh 0.98 100 2ilk 1.60 100 1fur 1.95 298
1ab9 1.60 292 1jcv 1.55 93 2wea 1.25 110 1hav 2.00 295
1agj 1.70 273 1jer 1.60 300 3bto 1.66 100 1kel 1.90 100
1ah7 1.50 300 1jev 1.30 120 3cyr 1.60 298 1kzu 2.50 300
1aho 0.96 287 1jhg 1.30 287 3lck 1.70 110 1lmb 1.80 258
1aie 1.50 293 1jsf 1.15 285 3nul 1.60 100 1ppr 2.00 283
1ajj 1.70 93 1llp 1.70 277 3vub 1.40 300 1slu 1.80 298
1ako 1.70 292 1lt5 1.70 295 4mbp 1.70 287 1tdt 2.20 293
1akz 1.57 275 1mh1 1.38 101 4pga 1.70 293 1wba 1.80 286
1am3 1.70 100 1mrp 1.60 292 5nul 1.60 150 1wej 1.80 90
1amm 1.20 150 1msi 1.25 277 6cel 1.70 120 2 fha 1.90 293
1aoe 1.60 295 1mty 1.70 100 6fd1 1.35 100 3bct 2.10 100
1aop 1.60 277 1myr 1.64 100 8ruc 1.60 283 5cro 2.30 290
1aqz 1.70 298 1nls 0.94 110 1a17 2.45 100 7ahl 1.90 287
1ar5 1.60 295 1not 1.20 287 1a28 1.80 100 Group 2
1awd 1.40 103 1nox 1.59 283 1a31 2.10 100 2f21 1.50 100
1bfd 1.60 277 1nwp 1.60 298 1a4y 2.00 289 2hba 1.25 100
1bkr 1.10 100 1pdo 1.70 277 1a8m 2.30 290 1lmb 1.80 258
1bpi 1.10 125 1pen 1.10 289 1acc 2.10 100 2f4k 1.05 95
1brt 1.50 283 1qoa 1.70 277 1af0 1.80 290 1mi0 1.85 298
1btk 1.60 100 1ra9 1.55 298 1aik 2.00 100 Group 3
1ctj 1.10 293 1rhs 1.36 100 1aim 2.00 288 cln025 1.11 290
1dos 1.67 293 1rie 1.50 100 1air 2.20 291 2f21 1.50 100
1edm 1.50 293 1tal 1.50 120 1aly 2.00 123 2hba 1.25 100
1fdr 1.70 277 1tfe 1.70 113 1aol 2.00 100 1mi0 1.85 298
1fds 1.70 290 1vie 1.70 277 1ba7 2.50 291 1whz 1.52 100
1fvk 1.70 289 1wer 1.60 100 1baz 1.90 293 1lmb 1.80 258
1g3p 1.46 100 1whi 1.50 295 1beo 2.20 277 1qys 2.50 100
Group 1: the 117 structures that have data collection temperatures disclosed at the Protein Data Bank and were used to develop improved side-chain torsion parameters of the
AMBER FF99SB-ILDN forceﬁeld [2]. Group 2: the ﬁve structures used to evaluate the protein folding simulations described in Ref. [3]. Group 3: the seven structures used to
evaluate the protein folding simulations described in Ref. [4].
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folding chignolin, one of the smallest, fast-folding proteins [7].Fig. 1. Shorter CeH bonds in a cryogenic protein crystal structure than in AMBER
forceﬁeld FF14SB. Left: Residue 73 of a high resolution crystal structure of type-III
antifreeze protein RD1 (Protein Data Bank ID: 1UCS). Right: The corresponding
structure deﬁned in FF14SB.2. Methods
2.1. Molecular dynamics simulations to fold chignolin
Chignolin in the anti-parallel b-strand conformation was sur-
rounded by two sodium ions and three sodium chloride molecules
and solvated with 1281 TIP3P water molecules [8] to keep the
closest distance between any atom of chignolin and the edge of the
periodic solvent box at 8.2 Å using LEAP of AmberTools 1.5 (Uni-
versity of California, San Francisco). The anti-parallel b-strand
conformation was generated by MacPyMOL Version 1.5.0
(Schr€odinger LLC, Portland, OR). Because pH 5.5 was used for the
nuclear magnetic resonance (NMR) structure determination for
chignolin [7], two sodium ions were added for neutrality of the
protein. Three sodium chloride molecules were also added to keep
the ionic strength of the system close to physiological ionic strength
at 150 mM NaCl. The neutralized, slightly brined, and solvated
chignolin was then energy-minimized for 100 cycles of steepest-
descent minimization followed by 900 cycles of conjugate-
gradient minimization to remove close van der Waals contacts
using SANDER of AMBER 11 (University of California, San Francisco)
with AMBER forceﬁeld FF12SB or FF12MC (see Section 3.2 for in-
formation of the two forceﬁelds), heated from 0 to 300 K at a rate of
10 K/ps under constant temperature and constant volume, and
ﬁnally simulated in 20 unique, independent, and 0.5-ms MDsimulations using PMEMD of AMBER 11 with a periodic boundary
condition at a constant temperature of 300 K and a constant
pressure of 1 atm with isotropic molecule-based scaling. The 20
unique seed numbers for initial velocities of Simulations 1e20 are
1804289383, 846930886, 1681692777, 1714636915, 1957747793,
424238335, 719885386, 1649760492, 596516649, 1189641421,
1025202362, 1350490027, 783368690, 1102520059, 2044897763,
Table 2
CeH bond lengths deﬁned in AMBER forceﬁelds and observed in high-resolution
cryogenic protein crystal structures.
Source Aliphatic bond Aromatic bond
Casp
3
eH Csp
3
eH Csp
2
eH
(Å) D (%)a (Å) D (%)a (Å) D (%)a
Nine crystal structuresb 0.98c e 0.96d e 0.93e e
FF99, FF12SB, FF14SB 1.09 10 1.09 12 1.08 14
FF12MC 0.98 0 0.98 2 0.93 0
a D ¼ (bondforceﬁeld e bondcrystal_structure)/bondforceﬁeld.
b The Protein Data Bank IDs along with resolutions and X-ray diffraction data
collection temperatures in parentheses of nine selected protein crystal structures
are 1UCS (0.62 Å; 110 K), 2VB1 (0.65 Å; 100 K), 1YK4 (0.69 Å; 100 K), 3A38 (0.70 Å;
93 K), 2B97 (0.75 Å; 100 K), 1HJE (0.75 Å; 150 K), 1GCI (0.78 Å; 100 K), 1X6Z (0.78 Å;
100 K), and 2PVE (0.79 Å; 100 K).
c Average of 1140 Casp
3
eH bonds calculated from all residues in the nine
structures.
d Average of 2230 Csp
3
eH bonds calculated from side chains of Ala, Val, Leu, Ile,
and Thr in the nine structures.
e Average of 339 Csp
2
eH bonds calculated from His, Phe, Tyr, and Trp in the nine
structures.
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1303455736, respectively. These all-atom, isothermaleisobaric MD
simulations used (1) a dielectric constant of 1.0, (2) the Berendsen
coupling algorithm [9], (3) the Particle Mesh Ewald method to
calculate long-range electrostatic interactions [10], (4) a time step
of 1.0 fs, (5) SHAKE-bond-length constraints applied to all the
bonds involving the H atom, (6) a protocol to save the image closest
to the middle of the “primary box” to the restart and trajectory ﬁles,
(7) a formatted restart ﬁle, and (8) default values of all other inputs
of PMEMD. Each simulation was performed on either an Apple
Xserve with two G5 processors (2.2/2.4 GHz) or a 12-core Apple
Mac Pro with Intel Westmere (2.40/2.93 GHz).
2.2. Aggregated native state population calculation
The native b-hairpin conformation of chignolin in the NMR
structure has Tyr2 and Trp9 on the same side of the hairpin [7].
Analysis of the trajectories obtained from MD simulations using
FF12SB at 300 K showed that chignolin could fold to native-like b-
hairpins with Tyr2 on one side of the hairpin and Trp9 on the other
side. The lowest Ca and Cb root mean square deviation (CabRMSD)
between one of the native-like b-hairpins and the NMR structure is
1.99 Å, whereas the corresponding Ca rootmean square deviation is
1.58 Å. To distinguish the native b-hairpin from the native-like
ones, conformations with CabRMSDs of 1.96 Å relative to the
NMR structure are considered to be at the native or folded state.
The native state population of chignolin in an MD simulation was
calculated as the number of the native state conformation divided
by the number of all chignolin conformations saved at 100-ps in-
tervals. Averaging the native state populations of a set of 20 unique
and independentMD simulations gave rise to the aggregated native
state population for the set. The standard deviation and error of the
aggregated native state population were calculated according to
Eqs. (1) and (2), respectively, wherein N is the number of all sim-
ulations, Pi is the native state population of the ith simulation, and P
is the aggregated native state population. The aggregated native
state populationwith its standard deviation and error is introduced
here to assess the convergence of a set of simulations and for
comparison of the relative abilities of different forceﬁelds to fold a
protein in multiple MD simulations.
Standard Deviation ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
Pi  P
2
=ðN  1Þ
r
(1)
Standard Error ¼ Standard Deviation
. ﬃﬃﬃﬃ
N
p
(2)
2.3. Root mean square deviation calculation
CabRMSDs and Ca root mean square deviations were calculated
automatically using PTRAJ of AmberTools 1.5 or manually using
ProFit V2.6 (http://www.bioinf.org.uk/software/proﬁt/).
3. Results and discussion
3.1. Shorter CeH bonds in high resolution cryogenic protein crystal
structures
There are two types of CeH bonds in a protein. One type in-
cludes aromatic CeH bonds that are hydrogen-containing bonds
involving carbon with sp2 hybridization (denoted as Csp
2
eH). The
other covers aliphatic CeH bonds that comprise hydrogen and
carbon with sp3 hybridization and has two subtypes. One subtypehas aliphatic CeH bonds at the main chain of a protein (denoted as
Casp
3
eH), and the other has those at the side chain (denoted as
Csp
3
eH).
Analysis of 3709 CeH bonds in nine cryogenic protein crystal
structures with resolutions of 0.62e0.79 Å showed that the average
Casp
3
eH and Csp
3
eH bonds in these structures are 10% and 12%
shorter than those deﬁned in AMBER forceﬁelds FF99 [11], FF12SB
(AmberTools 13 reference manual, 27e29), and FF14SB (AMBER 14
reference manual, 29e31), respectively (Table 2). For Csp
2
eH bonds
that are slightly shorter than the aliphatic ones as deﬁned in cur-
rent AMBER forceﬁelds (1.08 Å versus 1.09 Å), the average bond
length in the cryogenic structures is 14% shorter than the one
presently deﬁned (Table 2).
Given the 1% difference between the aliphatic and aromatic CeH
bonds deﬁned in the AMBER forceﬁelds (1.09 Å versus 1.08 Å), it is
reasonable to assume that the 10e14% bond length difference can
signiﬁcantly affect MD simulations of protein folding.3.2. The effect of the CeH bond length difference on protein folding
simulations
To test the above assumption, a set of 20 unique, independent,
all-atom, isothermaleisobaric, and 0.5-ms MD simulations of
chignolin in the anti-parallel conformationwas carried out at 300 K
and 1 atm using FF12SB to autonomously fold the extended back-
bone conformation to the native b-hairpin conformation. As a
control, the aggregated native state population of this set with its
standard error was found to be 10 ± 4% (Table 3), which demon-
strates that FF12SB with the standard aliphatic and aromatic CeH
bond lengths (1.09 Å and 1.08 Å, respectively) has the ability to fold
chignolin at 300 K and 1 atm in MD simulation within the aggre-
gated timescale of 10 ms. When this set of simulations was repeated
under the same simulation conditions except that the aliphatic
(including both Casp3eH and Csp3eH bonds) and aromatic CeH
bonds were shortened to 0.98 Å and 0.93 Å, respectively, the
aggregated native state population with its standard error reduced
to 3 ± 2% (Table 3), which is signiﬁcantly smaller than the popu-
lation of the simulations using standard CeH bonds (10 ± 4%).
To further support the assumption, the two sets of simulations
described above were then repeated using AMBER forceﬁeld
FF12MC with and without the shortened CeH bonds. Developed by
this author, FF12MC is based on AMBER forceﬁeld FF99 with
changes of (i) reducing atomic masses systemically by tenfold to
Table 3
Folding of chignolin in 20 0.5-ms isothermaleisobaric molecular dynamics simula-
tions at 300 K and 1 atm using different CeH bond lengths.
Forceﬁeld CeH bond length Aggregated native state population (%)
Mean Standard deviation Standard error
FF12SB Standard 10 19 4
FF12SB Short 3 10 2
FF12MC Standard 26 11 3
FF12MC Short 35 12 3
Aggregated native state population: The number of chignolin conformations with
CabRMSDs of 1.96 Å divided by the number of all chignolin conformations from
the 20 simulations. Standard: 1.09 Å for Casp
3
eH and Csp
3
eH bonds; 1.08 Å for
Csp
2
eH bond. Short: 0.98 Å for Casp
3
eH and Csp
3
eH bonds; 0.93 Å for Csp
2
eH bond.
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low-mass MD simulation enhances conﬁgurational sampling [12];
(ii) shortening CeH bond lengths (1.09 Å to 0.98 Å for the aliphatic;
1.08 Å to 0.93 Å for the aromatic) to reduce the exaggeration of
short-range repulsion caused by the 6e12 Lennard-Jones potential
and a nonpolarizable charge model [6] without resorting to the
6eexponential potential and a polarizable charge model according
to the results above; (iii) zeroing torsion potentials involving a
nonperipheral sp3 atom to eliminate effects of shortening CeH
bonds on related torsion potentials; (iv) reducing the 1e4 interac-
tion scaling factors of protein backbone torsions f and j (from 2.00
to 1.00 for the van der Waals interaction; from 1.20 to 1.18 for the
electrostatic interaction) to balance the forceﬁeld propensities for
adopting secondary structure elements, according to the report
that 1e4 interaction scaling factors control the conformational
equilibrium between a-helix and b-strand [13]. The aggregated
native state population with its standard error was 26 ± 3% when
using FF12MC with standard CeH bonds, whereas the population
with its standard error increased to 35 ± 3% when using FF12MC
with the shortened CeH bonds (Table 3). These results conﬁrm that
the 10e14% bond length difference can signiﬁcantly affect protein
folding simulations.
3.3. The beneﬁt of shortening CeH bonds for protein folding
simulations
The present work shows that FF12SB with either standard or
shortened CeH bonds is able to fold chignolin in 20 all-atom, iso-
thermaleisobaric, and 0.5-ms MD simulations at 300 K with an
aggregated native state population including its standard deviation
of 10 ± 19% or 3 ± 10%, respectively (Table 3). As indicated by the
large standard deviations relative to the means, the aggregated
native state populations of the two sets of simulations using FF12SB
are not well converged at the aggregated timescale of 10 ms. Under
the same simulation conditions, FF12MC, with either the standard
or the shortened bonds, is able to fold chignolin with 26 ± 11% or
35 ± 12%, respectively (Table 3). Here, the small standard deviations
indicate the convergences of the two sets of simulations using
FF12MC at the aggregated timescale of 10 ms.
Taken together, the results show that FF12MC can fold chignolin
more efﬁciently than FF12SB and suggest that FF12MC can reduce
the simulation timescale required to capture folding events. More
importantly, these results show that shortening CeH bonds by up
to 14% can increase the aggregated native state population of the
simulations using FF12MC with standard CeH bonds by ~35%
(Table 3). The ~35% increase is presumably due to the constraint
applied to hydrogen-containing bonds in MD simulations that
makes these bonds inﬂexible and more prone than the bonds thatare not constrained to the exaggeration of short-range repulsion
caused by the 6e12 Lennard-Jones potential and a nonpolarizable
charge model [6]. It is conceivable that shortening CeH bonds can
reduce the repulsion exaggeration and hence shorten the simula-
tion timescale for capturing protein folding events. Therefore, these
ﬁndings suggest that re-parameterization of CeH bonds according
to cryogenic protein crystal structures could improve the ability of a
forceﬁeld to fold proteins in MD simulations.Conﬂict of interest
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